INTRODUCTION
IT is known from cytological evidence in a number of plants and animals that chiasma formation is not always independent in different bivalents, but may be correlated. Genetical evidence in Drosophila also indicates that crossing-over in different bivalents is correlated when inversions are present in heterozygous condition. A positive correlation between the chiasma frequencies of two bivalents means that when the number of chiasmata in one is low, it tends to be low in the other in the same nucleus ; high chiasma frequencies in one will be associated with high chiasma frequencies in the other. In the case of a negative correlation, a high number of chiasmata in one bivalent is associated with a low number in the other in the same nucleus.
When genetical mapping is done by selection of recombinants as. in micro-organisms, correlations in crossing-over may have important effects on the observed frequencies of recombination. In a genetical study of such correlations, it is difficult to follow crossing-over in more than two bivalents simultaneously, owing to the limited number of marker genes which can be handled in a single experiment. Cytological studies of chiasma frequency possess the advantage that we can readily follow all bivalents.
In a sample of n nuclei, each with /c bivalents (all of which are individually distinguishable), the variation in chiasma frequency over all bivalents can be partitioned as follows (Mather, 1936) :-
Component of variation
Degrees of freedom
Between nuclei (internuclear)
.
n -I
Between means for bivalents (interbivalent) . k-i Inherent .
(k-i) (n----i) If the internuclear variance is equal to the inherent variance, there is no correlation between bivalents. If the internuclear variance is greater than the inherent variance, there is a positive correlation. If the internuclear variance is less than the inherent variance, there is a negative correlation (Mather, 1936) . The internuclear variance measures the variation in the total numbers of chiasmata per nucleus in the sample, while the inherent variance measures the variation in the distribution of chiasmata among the bivalents of the individual nuclei. 429 430 C. G. ELLIOTT This paper describes the effect of temperature on these variances and on the correlation between bivalents in two liliaceous plants, the bluebell, Endymion non-scriptus, and a diploid variety of hyacinth (Yellow Hammer).
MATERIAL
All the plants of Endymion non-scriptus used in this investigation came from Madingley Wood, near Cambridge. Group I bulbs were undergoing meiosis when collected on 21st December 1952. Group II bulbs were collected on i8th October 1952 and placed in pots of soil in controlled temperature chambers (see Elliott, 1955 ).
The hyacinth material and the temperature treatments given have been described previously (Elliott, 1955) .
Chiasma frequencies were scored at first metaphase in temporary acetocarmine squashes of anthers.
METHOD OF ANALYSIS
In Endymion non-scriptwc, the eight chromosomes of the haploid set are designated A t H in decreasing order of length (Darlington, 1926) . At M -i of meiosis, all the bivalents except B, C and D can be recognised individually (plate). B, C and D are treated as a single group. In the analysis of variance (f. table, p. 429), the interbivalent variance therefore has only k -3 = 5 degrees of freedom. The internuclear variance still has n -, degrees of freedom. If all remaining degrees of freedom contributed to the inherent variance, this would include an item with 2 degrees of freedom (out of the original k -i of the interbivalent variance) for variation between the means of the three bivalents grouped together. However, we can separate an item with 2n degrees of freedom for all variation within nuclei .
5(n-I)
At M -i in diploid hyacinths, 4 L, 2 M and 2 S bivalents can be recognised, but the members of each group cannot be distinguished. For the analysis of whole nuclei, the variation within nuclei between the bivalents grouped together is again removed before finding the inherent variance, as follows In four of the five plants which were undergoing meiosis under natural conditions (Group I), there is no correlation between the chiasma frequencies of the bivalents. In one plant there is a positive correlation (table x) . Both the internuclear and inherent variances for all five plants are homogeneous (table 2). As the ratio of the pooled variances indicates no correlation between bivalents, the plant with a positive correlation does not constitute a significant deviation from the population as a whole.
The experimental plants of Group II present a different picture.
Plant no.
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Correla. The data for 51/10/5, a plant used in a temperature experiment in 1951, comprise scores for three separate anthers. Anthers 2 and 3 came from the same flower, anther i from a different flower on the same inflorescence. Anther i shows no correlation between bivalents in anther 2 there is a negative correlation, and in anther 3 a positive correlation (table i). The three anthers do not differ significantly in mean chiasma frequency. There is an effect of temperature on the inherent variance, which is minimal at 5°, although the difference between the mean variances at i° and 5° is not significant ; the difference between them at 50 and 15° is significant.
The relation between the inherent variation and the variation of bivalents, and a, , ... their means. We see from this equation that for a given amount of internuclear variation, an increase in the inherent variation is associated with increased variation in the chiasma frequencies of the individual bivalents. It may be that the observed effect of temperature on the inherent variance arises from an effect on the variability of the extent of chromosome pairing during meiotic prophase. At 15° pairing is less regular than at the lower temperatures hence variation in the chiasma frequency of the individual bivalents is greater, and there is a corresponding increase in inherent variance.
(ii) An effect of some unknown factor on the internuclear variance
The internuclear variance measures the range in numbers of chiasmata per nucleus of the pollen mother cells. The variances are heterogeneous between plants in each temperature treatment, but not between temperatures (table 2). The heterogeneity of the internuclear variances for the three anthers of plant i /10/5 clearly cannot be due to genetical causes, and it may well be that the heterogeneity between plants at each temperature in Group II is likewise not due to genotypic differences, since the variances are homogeneous in Group I. Something has happened to the experimental plants which has upset the normal control of the amount of variation between nuclei in many of them, irrespective of the temperature at which they were placed. Different parts of one plant may even be differently affected. We postulate that these changes in the internuclear variance are the result of environmental effects on an extranuclear factor acting on the nuclei of the pollen mother cells and determining the distribution of chiasmata among them.
RESULTS WITH HYACINTHUS
(i) Analysis of whole nuclei Table 3 gives the numbers of bulbs, flowers and nuclei scored at each of the temperatures used. The analysis of variance was carried out separately for each flower, and table 3 gives the mean internuclear and inherent variances (weighted according to the numbers of degrees of freedom for each sample). 100 ; at 50 the variance is much greater. The inherent variances for the four temperatures are, however, heterogeneous. As in the bluebell, there is an effect of temperature on the inherent variance, which is here minimal at 15°. The differences between the mean At °, the analysis of variance indicates a positive correlation between the chiasma frequencies of the bivalents, and this bears out the observation of a positive correlation in their pairing behaviour. For each of the chromosome types, L, M and S, more nuclei have all univalents or all bivalents than is expected by chance (Elliott, 1955) .
Within temperatures, the inherent variances are homogeneous, as in bluebells, although they are heterogeneous at 10°.
Again within temperatures, the internuclear variances are heterogeneous at 20° and 5°, and homogeneous at 15° and io°. That is to say, at 20° and 5° there is more variation in chiasma frequency between the nuclei in some samples of pollen mother cells than in others, while at 15° and io° the variation between the nuclei of the p.m.c. does not differ significantly between samples. Thus while temperature does not affect the mean variance of the distribution of chiasmata between nuclei, except at 5°, we may say that it strongly affects the " stability" Thus within temperatures the relation between different types of correlation is the same as that observed in the bluebells.
(ii) Interrelationships of the grouped bivalents
The inherent variance as calculated above measures the variation from cell to cell between the three classes of bivalents, L, M and S. We now consider the relationships between the bivalents in each of the three groups. The variation between and within nuclei for each group has been calculated in the usual way for four of the flowers at each temperature, and table 5 gives the pooled variances, and the type of correlation between the bivalents of each group for the temperature as a whole.
The variation between bivalents within nuclei differs significantly between temperatures (table 5), but unlike the inherent variance discussed above, it is less at 200 than at 15° for each class of bivalent, significantly so for the L and M chromosomes. It cannot be said whether this represents a real difference between the variance of the distribution of chiasmata to the three groups and that to the bivalents of the groups. Clearly, however, the variation between bivalents is affected by temperature. The variation between nuclei for the L and M bivalents does not differ significantly between the three higher temperatures (table 5) , as is the case also for the whole nuclei, but for the S bivalents there is more variation between nuclei at 100 than at 15° and 200. This may be explained by the frequent failure of the S chromosomes to form group of other bivalents. Endymion non-scriptus is an exceptionally favourable organism for studies of chiasma frequency as we can recognise five of the eight chromosomes at M -i (plate). The following analyses have been made to determine the behaviour of the individual types of bivalents in a correlated system. Correlation coefficients have been calculated (i) for the chiasma frequencies of the bivalents A, E, F, G and H considered in pairs, (ii) for the numbers of chiasmata in a particular type of bivalent (including B, C and D as a group) compared with the totals in the remaining bivalents (table 6) . This has been done in plant 52/15/6 and anther 2 of plant 5 1/10/5, in both of which the previous analysis of variance indicated a negative correlation between bivalents for the nucleus as a whole, and in 52/15/5 and anther 3 of 5 1/10/5, where there is a positive correlation. The use of correlation coefficients is open to objection, since some bivalents have only two different ENVIRONMENTAL EFFECTS ON CHIASMATA 437 numbers of chiasmata in a sample of nuclei. In a number of cases therefore the independence of the bivalents has been examined by the exact method (Freeman and Halton, 1951) . With these relatively small numbers of nuclei, few of the correlations are expected to be For the bivalents considered in pairs, the correlation is in the same direction as that for the nucleus as a whole in 25 cases, and of opposite sign in 14. One of the 40 correlation coefficients is significant.
For the comparison of one type of bivalent with the remaining bivalents, the correlation is in the same direction as that for the nucleus as a whole in 21 of the 26 cases, and 8 of the correlation coefficients are significant. Thus while the correlation between individual bivalents is generally not significant, the effects are predominantly in one direction and tend to become significant when more bivalents are considered together. In contrast to the above, in two samples where the analysis of variance indicated no correlation between bivalents, none of the correlations of table 6 is significant.
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Correlations observed (whether positive or negative) between the chiasma frequencies of the bivalents of Endymion non-scriptus considered in pairs, and between the numbers of chiasmata in one type of bivalent and the total in the remaining bivalents. chiasmata per arm and their mean. Arms with a mean of one form one chiasma with great regularity. The variance of the whole bivalent E is the lowest of the six because E is the chromosome with most nearly equal arms and the chiasma frequency of each arm is about one. In the longer arms which may have more than one chiasma, the variance increases with the mean.
Considering the correlations between individual bivalents in table 6, bivalent A showed a correlation with the other individual bivalents of the same sign as that for the nucleus as a whole in 12 out of i6 cases, G and H each in ii out of i6 cases, F in 9 out of 15 and E in 7 out of i cases. Thus, while none of the ratios i 2 4 etc., deviates significantly from i i, there is a suggestion that the occurrence of correlations between the bivalents of a nucleus is more dependent on the behaviour of the long and short chromosomes than on those of intermediate length. This -is clearly related to the observation that the long arms of A and G and the short arm of H have a greater variance of chiasma frequency than the arms of E and F (table 7) . The variances of the distributions of chiasmata among nuclei and among the bivalents of the nuclei are differently affected by environment, suggesting they are independent and determined by different physiological processes. This is in line with the observation (Rees and Thompson, 1956 ) that in rye they are at least in part independently determined genetically.
Different types of correlation between the chiasma frequencies of the bivalents may be observed when one of the variances is altered without any change in the other. The results with hyacinths are especially important ; here, changes with temperature in the inherent variance (between bivalents), unaccompanied by changes in the internuclear variance, were associated with different types of correlation. In Endymion non-scrip/us, bulbs at the same temperature, and even different anthers in the same bulb, showed differences in internuclear variance, which, unaccompanied by changes in the inherent variance, were associated with different types of correlation.
Finally, as illustrated in Enq'ymion, no correlation is expected between different bivalents if the variance of the chiasma frequency of one or both of them is low. If the variance for both bivalents is high, a significant correlation may occur.
